Myeloperoxidase (MPO), hydrogen peroxide (H202), and a halide form a potent antimicrobial system that appears to contribute to the antimicrobial activity of neutrophils and monocytes (1, 2) . A new antimicrobial system is described here in which MPO is replaced by Fe 2+ and the properties of the Fe 2+ + H202 + halide system are compared with those of the MPO-catalyzed system.
Fe~+-H202-Iodide System. When MPO was replaced by Fe 2+, bactericidal activity was still apparent; however, the properties of the two systems differed in several respects. As with the MPO system, bactericidal activity was dependent on each component of the Fe2+-H202-iodide system and was inhibited by catalase but not SOD. Heat-treated catalase retained some inhibitory activity for both the MPO and Fe 2+ systems, presumably due to the scavenging effect of protein. Fe 2+ could not be replaced by an equimolar concentration of Fe3+; H202, however, could be replaced by glucose and glucose oxidase. In contrast to the MPO system, mannitol was inhibitory at 10 -2 M, ethanol at 10 -a M and EDTA at 10 -5 M. Azide also was inhibitory; however a higher concentration (10 -4 M) was required for inhibition of the Fe 2+ system than was needed for the MPO system (10 -s M). The inhibitory effect of cyanide was comparable in the two systems. When Fe 2+ was used, 0.02 M acetate buffer pH 5.5 could not be replaced by phosphate or lactate buffer at the same concentration and pH (Table I) ; the latter buffers inhibited the bactericidal activity of the acetate-containing system (data not shown). The acetate buffer, however, could be deleted with little loss of activity; the decreased bactericidal activity observed Table [ except that the halide varied as indicated. Mean of three experiments. § The probability value for the difference from no halide ("None"). Effect of incubation period. The reaction mixture was as described for the complete system FIC. 1. in Table I (MPO + I1202 + iodide (O); Fe 2+ + H202 + iodide (O); except that the incubation period was varied as indicated. FIG. 2, Effect of pI-t. The reaction mixture was as described for the complete system in Table I (MPO + H202 + iodide (C)); Fe 2+ + tt202 + iodide (0); except that the incubation period was 15 min and the pH of the acetate buffer was varied as indicated. could be accounted for by the higher pH of the buffer-flee mixture. In sharp contrast to the MPO system, iodide could not be replaced by bromide, chloride, or thyroxine (Table II) . With both systems, iodide was effective at concentrations of 5 X 10 -7 M or greater. The rate of fall in bacterial cell count by the two systems was comparable ( Fig. 1) ; the pH optimum of the Fe2+-HzO2-iodide system however was shifted slightly to 5.5 (Fig. 2) .
It should be noted that Fenton's reagent (5), i.e., Fe 2+ + H2Oz (the complete system with iodide omitted in Table I ) was ineffective under the conditions employed; indeed no staphylocidal activity was observed with a 10-fold increase in the Fe z+ and HzOz concentrations to 10 -4 M (data not shown).
Discussion
The demonstration of H202 formation by phagocytes (6) centered attention on this agent as an important contributor to the cytotoxic activity of these cells. The toxicity of H202 is increased many orders of magnitude by MPO and a halide, and this amplification mechanism appears to be operative in the neutrophil and monocyte (1, 2) . The reactivity of H202 also can be increased by iron salts. In 1894, Fenton (5) described the strong oxidizing activity of a mixture of ferrous ion and HzO2 and it was subsequently proposed by Haber and Weiss (7) The formation of OH. by phagocytes by the mechanisms indicated above and their contribution to the cytotoxic activity of these cells has been reviewed (10). Recently, we have observed that OH-can react with iodide to iodinate tyrosine residues of protein, and we have used this iodination reaction to define the optimum conditions for the generation of available OH- (11) . Iodination by Fenton's reagent (Fe 2+ + HzOz) occurred best in low concentrations (<--0.02 M) of acetate buffer pH 5.5. We used these conditions in an attempt to demonstrate the bactericidal activity of OH. generated by Fenton's reagent; no staphylocidal activity was observed at FeSO4 and HzOz concentrations of 10 -4 M. However, when iodide was added, a marked fall in viable cell count was observed even when the Fe z+ and H202 concentrations were lowered to 10 -5 M. This paper describes the properties of this antimicrobial system and compares them to those of the MPO-H202-halide system. The composition of the two systems was identical except that MPO (8 mU) was replaced by ferrous sulfate (10 -5 M) .
It is clear that the MPO-and Fe2+-dependent systems differ in major ways. In the MPO system, the peroxidase catalyzes the oxidation of a variety of halides by HzO2 and the cytotoxicity is mediated by the products formed. There is no evidence for OH • involvement and, although MPO contains heme iron, this iron appears firmly bound and unavailable to chelation by EDTA. In contrast, the FeZ+-H202-iodide system was inhibited by EDTA, iodide was the only effective halide, and our findings suggest that the bactericidal activity is dependent on the formation of OH ,. Thus, bactericidal activity required both Fe z+ and H202, which interact to form OH. (7) , and the OH. scavengers mannitol and ethanol were inhibitory. The more stringent buffer requirements of the Fe2+-H202-iodide system may reflect its sensitivity to iron chelators and the scavenging effect of organic buffers. Azide and cyanide react with the iron of heme proteins, and their inhibition of the MPO-dependent system presumably results from this reaction. Both also inhibit the Fe2+-H202-iodide system, although a higher concentration of azide was required than was needed for inhibition of the MPO system. Azide and cyanide are chelating agents and also can react with OH. (12) and thus may inhibit the FeZ+-dependent system by either or both of these mechanisms.
Although OH. appears to be a necessary component of the Fe2+-H2Oz-iodide system and this radical has been implicated as a toxic product of the xanthine oxidase, as well as other, antimicrobial systems (10), OH. generated solely by Fenton's reagent did not appear to be directly staphylocidal under our conditions; the addition of iodide was required.
The mechanism of the toxicity is not known. Iodide is converted to organic form when albumin is added to the FeZ+-HaO2-iodide system (11) and the substitution of a bulky iodide for hydrogen at crucial locations on the surface of the cell may contribute to the toxicity. However, the oxidation of essential components at or near the cell surface may be equally or more important. Oxidations initiated by Fenton's reagent are complex and incompletely understood (8, 12) . The oxidation of halides by OH-generated by Fenton's reagent would be expected to proceed in two steps (12) 
(a)
However, our inability to replace Fe 2+ with Fe 3+ in the Fe2+-H2Oa-iodide system would argue against this mechanism. It has been proposed that the product of iodide oxidation by peroxidase and H202 is reduced in the course of the oxidation of microbial components, with the regeneration of iodide for use by the peroxidase system (14) . A similar reaction as a consequence of the action of the Fee+-H2Oz-iodide system on the target cell would allow iodide to be reused in a catalytic manner. The combined result of these, and presumably other, reactions is a system with potent cytotoxic activity.
The high reactivity and simple requirements of the Fe2+-HeO2-iodide system suggest that it may be useful for the generation of reactive oxidants effective against microorganisms as well as other cells and non-cellular systems, in solutions which lack high levels of radical scavengers or chelators. In addition to S. aureus, we have found the system to be toxic to Escherichia coli and to LSTRA mouse lymphoma cells (data (h) (i) not shown). The breadth and magnitude of the oxidative activity of the Fe~+-H202iodide system and its biological role, if any, however, remain to be delineated. Summary A potent antimicrobial system is described which consists of ferrous sulfate (FEZ+), hydrogen peroxide (H202), and iodide in 0.02 M sodium acetate buffer pH 5.5. H202 could be replaced by the H202-generating system glucose + glucose oxidase. This system, unlike the myeloperoxidase-H202-halide system, was ineffective when iodide was replaced by bromide, chloride, or thyroxine, and was inhibited by EDTA, the hydroxyl radical scavengers mannitol and ethanol, and phosphate and lactate buffers at the same concentration and pH as the acetate buffer used. The acetate buffer, however, could be replaced by water. It is proposed that Fe 2+ and H202 (Fenton's reagent) generate OH-(or a closely related substance), which interacts with iodide to form one or more toxic species.
